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SUMMARY

PROBLEM

Large, acrylic plastic domes for deep submergence applications have been buiit pri-
marily by bonding small, thermoformed structural modules. The large amount of hand
labor required by this approach makes such domes relatively expensive,

RESULTS

A casting technique utilizing a glass fiber-reinforced plastic mold system composed
_ of male and female molds filled with monomer/polymer casting syrup has been shown to be
: capable of producing massive domes of at least 78-inch diameter and 6.375-inch thickness
: with significant saving in labor over domes built by bonding small structural modules. The
dimensional deviations of massive domes cast by this technique are higher than those of
machined massive modular domes but less than those of thin domes free-formed by com-
i pressed air,

Y

RECOMMENDATIONS

The casting of massive acrylic plastic domes in glass fiber-reinforced plastic molds
; should be considered as an economically attractive technique for production of massive
domes for deep submergence application.
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INTRODUCTION

Many ocean engineering systems require transparent structural components that
serve as windows. Since the size of the window directly influences the field of view that the
window provides, a premium is placed on size. However, large sizes require that windows be
quite thick.

Thick, plane, acrylic plastic windows can be readily manufactured either by laminat-
ing many thin sheets or by casting massive blocks. In either case the technology is well devel-
oped and plane, acrylic plastic windows of almost any thickness and size can be obtained
from industrial suppliers on a fixed-price basis. Still, plane windows are not as much in de-
mand as are spherical shell windows, whose shape makes them structurally superior (refer-
ences 1-10).

Un)fortunately, the technology for the fabrication of spherical shell windows is not
so advanced as is that for plane windows. Thin windows can be readily fabricated by blow-
ing with compressed air, with or without a mold, but the resulting hemispheres are of varyiag
thickness and must be limited in their operation to shallow depths. Thick windows have
been fabricated only (1) by laminating many thin, blown shells; (2) by hogging-out massive
castings; or (3) by assembling and bonding many small structurai segments. Of these three
approaches, the Iaminating produces shells of varying thickness, while the hogging-out is pro-
hibitively expensive. Only the bonding of small, identical segment assemblies has produced
thick, spherical shell windows of uniform thickness at a tolerable price, 1t was this technique
which was used to fabricate spherical hulls for the NEMO, MAKAKALI, and JOHNSON SEA
LINK deep submergence vehicles. Bonding left a lot to be desired in terms of cost, because
it entailed an inordinate amount of hand labor., Obvicusly, another technique was needed
that would require significantly less hand labor while producing thick, spherical windows
with acceptable dimensional tolerances.

A fabrication technique which seemed promising was the casting of monolithic hemi-
spheres. It was thought that if problems of excessive shrinkage, cracking and generation of
bubbles during the polymerization process could be surmounted without excessive invest-
ment in tooling, this process would permit the production of inexpensive, spherical, acrylic
plastic windows of large size. '

Realizing the potential savings if an inexpensive casting technique could be developed,
the Naval Undersea Center initiated studies of two casting techniques. The first would mini-
mize the cost of tooling in exchange for allowing (1) large dimensional tolerances in the
sphericity, diameter and thickness of the casting and (2) a large amount of hand labor for
polishing of the cast surfaces, The second would (1) minimize the amount of hand labor for
polishing and (2) keep the thickness, sphericity and radius within tight dimensional toler-
ances, but would require expensive tooling. This paper deoscribos the first study.
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DISCUSSION
DESIGN OF DOME

The objective of the casting technique study was the fabrication of an acrylic plastic
hemisphere with a nominal 78-inch outer diameter, 65.25-inch inner diameter and 7-inch
cylindrical skirt. This dome was dimensioned to serve as an undersea observation chamber
for the sinall waterplane area hull vehicle SSP KAIMALINO. Since the observation chamber
was to be mounted only approximately 12 feet underwater, the hydrostatic pressure was
not of sufficient magnitude to control the structural design of the dome.

Instead, the thickness of the dome was chosen on the basis of the dynamic impact
to which the hull could be subjected when accidentally striking a water-logged floating log.
The 6.375-inch thickness chosen for the dome represented a good compromise as it gave the
dome a reasonable impact resistance (roughly equivalent to that of 0.375-inch mild steel)
while at the same time keeping its weight and cost at an acceptable level.

An additional benefit ot such a thick wall was that the dome could also serve as a
panoramic window for submersibles and ocean bottom habitats operating to a depth of 1,000
feet. In this manner, once the tooling was fabricated for casting of the dome, the output of
the tooling would not be limited to impact-esistant transparent bows for surface ships, but
also would provide relatively inexpensive observation cupolas for submersibles and undersea
habitats.

ATTACHMENT FOR THE DOME

Besides operational parameters like hydrostatic pressure and dynamic impact, the
method of attaching the 3,000-pound acrylic casting to the metallic hull of the SSP KAIMA-
' LINO had to be considered. The pitching of the hull in rough water, depending on its am-

: plitude and frequency, could subject the acrylic casting to gravitational forces in excess of
10,000 pounds. Forces of such magnitude and the presence of seawater eliminated adhesives
from the consideration for attachments, A

Several mechanical atiachment systems were considered before settling on the chasen

design. Those that were considersd, but ultimately rejected, were attachments that required
cither straps or retaining bars pressing against the convex surface of the dome and thus
restricting the panoramic view from inside the dome. The design finally chosen relied on
mechanical fastening like those rejected, but because of its layout did not obsteuct inany
manner the view from inside the dome. .

The basic features of the attachment ~hosen for fabrication (figures  and 2)* are

these:

1. A metallic, Ushaped flange resirains the Jome against vertical static and dynamic
forces and provides the foundation to which the metailic hull of the vehtele and the split
ring of the dome attachment are fastoned. The dome fits into the flange rather loosely
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(approximately 0.125-inch clearance b.. ‘veen the surfaces of the dome and interior of the
flange) to allow room for (a) thermal expansion and contraction of the dome under typical

conditions and (b) contraction of the dome under hydrostatic loading encountered at 12 feet.

2. A metallic split-ring restrains the dome against static and dynamic horizontal
forces, The split ring fits rather snugly against the inner surface of the flange but rather
loosely (approxim~*ely 0.125-inch clearance) against the acrylic surface. Because of this
arrangement, the split ring can be fastened quite securely with bolts to the flange while still
allowing for limited radial and axial displacement of the dome due to thermal expansion and
hydrostatic loading.

3. Anelastomeric filler (silicone rubber) between the acrylic dome and the metallic
components of the attachment serves both as a seal against water and as a compliant cushion
preventing high stress concentrations at point contacts.

4. A cylindrical skirt on the dome mates with the metallic components of the
attachment. To fit properly with the mating metallic parts of the attachment all surfaces
of the skirt have oeen machined to close tolerances. This was necessary as the casting process
chosen would not produce surfaces on the shirt to the desired close tolerances.

CASTING TECHNIQUE

The casting technique chiosen” required that (1) a mix of acrylic monomer resin and
polymer granules be placed into (2) glass-fiber reinforced epoxy molds that were subse-
quently subjected to (3) elevated temperature and pressure inside an autoclave. Since acrylic
spherical castings of such magnitude had never been cast before and a very distinet possibility
existed that the irst attempt would be an expensive failure, a scale model of 24 inches out-
side diameter and 2 inches wall thickuess was cast first. When this casting was successful it
was decided 10 proceed with the full scale 78-inch-diameter casting.

The distinctive feature of the casting arrangement chosen was the use of a sprue
located at the apex of the dome to concentrate all gas bubbles in a part of the vasting that
would be subsequently cut of i without decreasing the size of the finished dome. An alter-
native approach to removal of the gas bubbles from the casting would be to place the molds
upright and to pour the casting mix between the maje and female molds. In this arrangement

the bubbles would rise and concentrate in the base of the cylindrical skirt. After polymeriza- -

tion several inches of the skirt base conaining the bubbles would be machined off, leaving
behind a bubble-free casting. '

The basic reason for not choosing the alternative casting arrangement was the Teinch
length of the skirt required to attach the finished dome to the vehicle hull. 1¥ bubbles were
to be concentrated in tire Base of the skirt, an additional 3 o 5 fnches of kit length would
lave 1o he added to the rough casting.  The resulting 10- fo ) Y-inch cylindrival skirt probably
would make the removal of the male mold very ditficult as the casting min shrinks approxi-
mately 8 to 10 percent upon polymerization and would poip the cylmém::d ‘ion of the
mold quite securely.

ke westing grocens ise W&'y Sevegapmont of CadiSlee Plosrics cod Chowiced Comguny of Kieiewdsoo, Michgon

.
. - - iy o T L -
- - L e - -

3
§
s

S R




MACHINING OF DOME

The successfully cast dome (figures 3 and 4) contained gas bubbles only in the upper
5 inches of the sprue; the dome casting proper was virtually bubble-free. The first operation
was to machine the sprue fl.t so that it would serve subsequently as the base for the dome
during machining of the skirt surfaces (figure 5) in a vertical mill. Next, the sprue was com-
pletely removed and thie exterior surface was sanded (figure 6). Material test samples were t
also cut from the sorue and used to test the mechanical properties of the casting (figure 7,
table 1). Finally, the interior surface of the dome was sanded and all suriaces were polished
{figure 8). The completes dome was then carefully inspected (figure 9) and its dimensions
recorded.

FABRICATION OF ATTACHMENT

The U-shaped flunge was fabricated by rolling and welding strips of mild steel. The
rough U~channei structure was maci ined to final shape on the same vertical mill (figure 10) 1
that was used for maciuning of the cast dome. Bolt holes for fastening of the flange to the : )
hul] and for attachment of the split ring to the flange were drilled with a portable dnil held 1
in a magnetic clamp fixture, : 1
The split ring was fabricated by rolling, weiding and rough grinding of mild steel
strip. The ring (figure 11V was cut with a hacksaw in one place just prior to mating of the
attachment components to the dome, :

MATING OF ATTACHMENT TO THE DOME

The first step in mating of the attachment to the dome consisted of plugging the
holes in the Ushaped flange so that the iquid elastosner would pot leak out prior to its )
poiymerization (figure 12). The holes in the base were covered with 0.25<inch-thick neo- : A
prene patches that not only cavered the bolt holes hut also served as spacers between the '
dome and the boitom of the Ushaped ftange. Without the presence of the neoprene spicers
the heavy dewne would displace the Hguid elastomer uample:cly and thc base of the skirt
woukd bottom zgainst the steel surface.

Tite second dep in the mating procedure was to compress gisd insert the splid ring
into the machined groove in the casting skt (figure 13). Naw the dema svas peady for mat-
mg with the Ushaped flang..

: The thund ster was f1. g of the Ushaped Mangs with the slastomeric cisnpound
{Dow Corning TwePart Room Temperature Polymerizing 31 HORTV Compound) and imme-
diately lowering the deme tato the flange until the skirt botiomad on the reoprene paisas’
afid the susplus elastemer was sqiieeed ouf (fipae 14), «

The fourth and final step of the mating provedurs after the elastomer solidified was o : :
to draw up the split ring against the Ushaped flange with 1 . belp of sadially oriented bolts, : :
Removal of the extiuded chastomer and extersal dowe Liting clamp w;s@e%ed the mating
ol lhc atty clunent to tt—.e Sonte. '




OBSERVATIONS

The mechanical propeities of the acrylic plastic casting described v this payc differ
significantly from those of acrylic sheets and plates { Plexighs G, Acrylite, Swedlow (33
cast selely from monomer resis {table T). A gencral statement can be atady that the ast
acrylic in the dome has lower tensile, flexural and compressive strength; lower ™~ Gus of
elasticity; and higher creep than typical cast acrylic shests.and plates. Thisist  scaiof
acrylic plastic castings formed by polymerization of & mixture containing hosh the Mmoromer
resin and polymer granules. The lower meciunical propertics of such casi, 8 st be taken
o account in the caicuktion of atllowable working stresies for structures :abricated from
them. Thisis particularly true when the design of cast spherical domes ur zectors i« based

on empirical duta generated previously by the destructive testing of seale models of spherical
windows machined from thick Plexighis plates that have higher mechanical properties than
the full scale cast splierizi | dome.

Dimengions of the rough domie casting deviated noticeably from specified nominal
dimensions tfigu:c M. The deviations Were not serious enough to hamper the dome's use
3s a transparent bow on 2 surface ship bat th Luwould place serious restrictions on its opera~
tional depth as a potentia) panoramic windn\:‘m%bmewéb!cs. The most serious deviation
from specifica nominal dimensions occurred near the apex, where there was » visually notice-
able thinning out of the dome shol] around the circumference of the sprue base. This was
caused by the difference in shrinkage between the 6 375-inch-thick dome and the 204nch-
diameter sprue during the polymerizstion process. If the outer surface of o dome had beep
machined to eliminate any optical distortion in the dome by smoothing out the shrinkage
valley, the thickuess at the apex of Lie dome would have decreased from the spegified 6 373
inches to 3.0 inches.

This ebservation suggests that to produce dames with anly minor thickaes varia-
tions using this techaique it s necessary to either (1) modify the exsting malds 2t the inter. -
section between the e pipe amd the female moid o that when the chrinkage takes place
the thivkness of the shal] at the base of the sprite pipe does not decrvnne below the specitied
nosainal thickness, or £2) remove the sprue pipe. patch the SPrue pipe opaning, invept the
mebls, increase their skint length ang pour the casting mix inta the sanuiar save between
male and female malds. OF these two modifications ta the exsting melds, the former 1 §ite
mare economical aad, besides, attsmpling o remeve 3 June sasting with sorelsed skart
temgth from 3n invested mold might meel with Fabure,

Quality of the casting was very high except for some minos supei{ections an the
exletior surfaces. Thewe wperfections were cansed by putiing too thick a aver of rtold.
refease agent on the inferior sutfaces of the hass fiberaoinforved matds: this forytad radges
and dvops in sonme plices on the smold which were wibsoquently faithtully feprodiacd fa the
aorylic casting. In general it appears fhat the wugh awiice Band of the malds, ceupled with
ugeven apphication of the mold relezse dgent, requised 20 exteacive pmount of Bz faboy
for sanding 2na polishing of susfaces on the dome,




FINDINGS

1. Molds made of plastic reinforced with glass fibers present an economical approach
to tooling for the production of large, spherical shell acrylic castings providing that the per-
missible tolerances on thickness, diameter and sphericity are at least £0.250 inches. To
achieve tighter dimensional tolerances than +0.250 inches the dome casting must be made
slightly oversize and subsequently machined down to the desired size.

2. The quality and mechanical properties of the acrylic plastic dome cast in giass-
reinforced plastic molds ky Cadillac Plastic is acceptable for hydrospace applications prcvid-
ing that the lower mechanical properties of the casting as compared to properties of com-
mercially available cast acrylic plate are taken into account.

3. The design developed for the attachment of a hemispherical acrylic plastic dome
to the metallic huil of a ship has been found to be economical to fabricate and easy to
assemble with the dome.

CONCLUSIONS

It is feasible to cast very large acrylic plastic domes that do not require any subse-
quent machining on the viewing surfaces at a reasonable investment in tooling and hand
labor for polishing providing that one can accept deviations from nominal dimensions which
exceed those customarily assnciated with machined domes but are significantly less than
those associated with vacuum- or pressure-formed domes from flat acrylic sheets.

RECOMMENDATIONS

It is recommended that the casting technique described in this report be utilized for
those hydrospace applications where (1) only one or two very large, thick acrylic plastic
domes of the same size are required and (2) the hydrostatic loading of the dome will be of
such magnitude that the dimensional tolerances of £0.250 inch on the thickness, diameter
and sphericity can be readily accepted. If the casting technique is used for the applications
enumerated above it will provide the hydrospace engineer with very large domes at a rock
bottom 3..ice.
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Figure 7. The stressstrain rehationsip of a materiel test specimen under unlaxial compressive loading;
the test spedmcn was cut from the sprue adheom to the dome.
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Table 1. Mechanical Properties of Material.
¢ A. Acrylic Plastic Casting.
aCast acrylic plastic bMassive hemisphere
Type of test sheets and plates casting
Compressive yield 15,000 psi 12,900 psi
‘ Compressive modulus 420,000 psi 415,000 psi
/ ASTM-D-695
. Tensile strength 9,000 psi 8,100 psi
Tensile modulus 400,000 psi 410,000 psi
Tensile elongation 2 percent 4.8 percent
! ASTM-D-638
? Flexural strength 14,000 psi not available
: Flexural modulus 420,000 psi not available
: ASTM-D-790

Shear strengths 8,000 psi not available

ASTM-D-732

Deformation under 1 percent 0.96 percent

load (4000 psi at maximum

122°F for 24 hours)

ASTM-D-621

NOTES:

aMinimum properties specified for acrylic plastic viewports fabricated from sheets

or plates — MIL-C-24449,

bActual values obtained by testing of coupons cut from the massive hemisphere casting.

o' T b }"‘

mmam—— e

- —p—

21

L

=R SR STl 2
£

L S S AT e TR

e et B £

s L SRt A (s e ol

R

k-~




~

Table 1. (Continued)

B. Silicone elastomeric compound®

(Dow Corning 3110 RTV)

Color? White

Deep section cure, 1-in. depth in metal can Yes

Recommended Primer 1201
ASTM D 445, Viscosity at 25°C (77°F), poises 128
ASTM D 792. Specific gravity at 25°C (77°F) 1.17
MIL-S-23586. Corrosion resistance Good/Pass
ASTM D 412. Tensile strength, psi 350
ASTM D 412, Elongation, percent 200
ASTM D 676. Durometer hardness, Shore A 45

Linear shrinkage, percent, 3 days at 25°C (77°F) 0.4

Radiation resistance, cobalt 60 source, 25°C (77°F),

megarads 100

ASTM D 570. Water absorption, percent, 7 days at 25°C (77°F) 04

Temperature range, degrees -65 to 200°C

Thermal conductivity, Cenco-Fitch, 25-100°C
(77-212°F, gm cal/cm2-sec°Clcm)

MIL-1-16923C. Thermal shock, 10 cycles

Weight loss 96 hrs/200°C (392°F), percent
Volume expansion 25-150°C (77-302°F) ce/cc/°C
Specific heat, cal/gm/°C

ASTM D 746. Brittle point, degrees

(-85 to 392°F)

50X 1074
Pass

6
75X 104
0.35

-100°C (- 143°F)

[N

oty

Fire resistance Self-extinguishing {
CTypical values supplied by Dow-Corning for 3110 RTV. } ;
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APPENDIX: DESIGN HINTS

For those engineers interested in utilizing the casting technique for acrylic plastic

domes or the design developed for the attachment of these domes to vehicle hulls, some
brief discussion of their limitations is in order.

CAST MATERIAL

Because the mechanical properties of cast massive acrylic plastic domes differ sig-
nificantly from those of domes formed and subsequently machined from thick, commer-
cially available plastic plates (for example, Plexiglas G, Acrylite or Swedlow 310), lower
stress levels must be utilized in their operation. Appropriate stress levels can be determined
using the ratio of the mechanical properties of the dome casting to those of flat plates. For
example, the ratio of the compressive strength of the dome casting to that of flat plate is
approximately 6/7 or 0.85. Therefore, the maximum working stresses in cast domes should
relate to the working stresses in domes fabricated from plates by roughly the same factor.

Since the maximum compressive working stress allowed at the present time for
spherical Plexiglas manned capsules with a minimum proven 1,000 cycles and 109 hours
static fatigue life is only 4,000 psi,* the maximum allowable compressive working stress in
a cast dome having the mechanical properties shown in table 1 should not exceed 3,400 psi
(arrived at by multiplying 4,000 psi by 0.85). The maximum allowable tensile working
stress in a cast dome should, by the same token, not exceed 1,800 psi (arrived at by multi-
plying the accepted 2,000-psi value for thick plates by a factor of 0.9, the ratio of the ten-

sile strength of a cast dome to that of typical flat plate).

In those cases where the casting does not form a dome but has the shape of a spher-
ical sector and the design is based on empirical short-term implosion data of scale model
sectors machined from Plexiglas G plates, a different approach must be used. Since the oper-
ational depth of spherical sector windows is generally only a known fraction of their short-
term implosion pressure, the only modification to their desigh procedure is to multiply the
maximum operational pressure allowed for spherical sector Plexiglas G windows by the same

factor that was used in the previous paragraph to reduce allowable maximum compressive
working stresses in domes.

ATTACHMENT

The attachment (figure 2) for affixing the dome to the vehicle hull has been specifi-
cally designed for shallow depths of 100 feet or less, A similar attachment could be used for
depths to 1,000 feet, but the clearance between the U-shaped flange and the skirt would

have to be increased to allow for greater radial contraction under the larger hydrostatic
pressure.

*Based on the results of the NEMO hull testing program at the Naval Civil Engineering Laboratory, reported in
references 11 through 13.
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For depths beyond 1,000 feet the cylindrical skirt and the attachment developed for
it (figure 2) would have to be eliminated altogether, as the bending stresses at the intersec-
tion of the hemisphere and the cylindrical skirt become quite high. By «liminating the cylin-
drical skirt on the casting its operational depth can be readily increased from 1,000 feet ic
about 2,500 feet. For mating the hemisphere to the hull of an undersea vehicle a different
attachment would have to be devised.

A typical attachment for a hemispherical dome is shown in figurc A.1. Its character-
istics are (1) lack of restraint to the radial contraction of the sphere under hydrostatic pres-
sure; (2) lack of an O-ring groove under the acrylic bearing surface; (3) presence of a smooth,
metallic bearing surface on which the acrylic bearing surface can slide; and (4) an externally
located rubber sealing gasket.
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